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© Chromatographic separation. 

@ An apparatus and method for a new mobile-phase in 
chromatography is disclosed utilizing liquified inorganic 
compressed gas. Three specific examples (COa, N2O, NHa) are 
explained and demonstrated. 
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CHROMATOGRAPHIC SEPARATION 

This invention is concerned with chromatographic 
separation. 

A major constraint on the technique of chromatography 
studies lies in the selection of suitable fluids to 

5 transport the sample through the stationary phase of a 
chromatographic channel, for example a column. In practice, 
complex mixtures must not only be chroraatographically 
resolved, but must be resolved quickly, efficiently, and 
inexpensively. High throughput in a chromatograph is close- 

10 ly coupled to the physical and chemical properties of the 
fluid being used as the transport medium, and considerable 
research has been done to find fluids which can optimize 
this chromatographic practice. 

In general, a suitable chromatographic transport fluid 

15 exhibits a combination of the following "optimum" proper- 
ties: 

1. Solubility of the sample in the fluid. 

2. A high diffusivity of the sample in the fluid. 

3. A low shear viscosity of the fluid. 

20 4. The fluid must be transparent to the detector. 

Practical chromatographic fluids do not necessarily exhibit 
all of these properties, and as a result, ften limit the 
range of application of the process in which they are used. 
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Two obvious examples of limitations imposed by th 
transporting fluid can be seen in the prior techniques of 
gas chromatography and liquid chromatography. 

In gas chroroatographyr there is no solubility of the 
5 sample in the fluid. To be transported through the column, 
the sample must be vaporized, usually at high temperature. 
The transport fluid, frequently an inert gas, simply pushes 
the vaporized sample through the column. This imposes the 
immediate constraints that the sample must be vaporizable, 

lO that is, that it has an appreciable vapor pressure, and that 
it does not thermally decompose at the temperatures required 
for operation. It has been authoritatively estimated that 
only 20% of chromatographically interesting compounds 
exhibit these properties. 

15 The use of liquids as chromatographic eluents obviates 

this limitation of gas chromatography, but not without 
imposing constraints due to inherently higher viscosity, 
lower diffusivity, and often lack of transparency to the 
detector. The first two constraints affect the speed of 

20 analyses (throughput) and impose stringent mechanical re- 
quirements on the solvent delivery system; the third 
constrains the range of application by limiting the type of 
solvent used in the apparatus. 

In order to overcome these shortcomings inherent in 

25 both these techniques, the prior art technique of Super- 
critical Fluid Chromatography (SPC) is used. The use of 
supercritical fluids as mobile phases in chromatography was 
first reported by Klesper, Corwin and Turner, D.A. J. Org. 
Chem. 1962, 27, 700. Since that time a considerable volume 
30 of publications has appeared, and the technique has been 
demonstrated for a variety of mobile phases, stationary 
phases, and potential analytical applications. Previous 
work has emphasized the desirable physical characteristics 
of supercritical fluids used as mobile phases. In partic- 
35 ular, viscosity, solute diffusivity, and solubility are 
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regarded in the literature as favorable for chromatography. 
Considerable experimental difficulty has been tolerated to 
maintain the mobile phase above the critical conditions 
whichr for solvents like NH3^ requires pressures and 
5 temperatures above 115 bar and IBa^c. 

In shortr supercritical fluid chromatography attempts 
to exploit the favorable properties of high solubility^ high 
diffusivity, low viscosity and transparency which have been 
found to exist in gases which have been compressed and 

ID heated to conditions above their inherent critical points, 
thus ensuring gas-like conditions within the chromatographic 
column. Experiments using supercritical carbon dioxide as 
the mobile phase, however, have shown that although super- 
critical fluids can be used quite effectively as transport 

15 media, the temperatures and pressures required to maintain 
supercritical conditions within the apparatus severely limit 
the application of this technique. For example, carbon 
dioxide, with its moderate critical parameters of 310C 
and 72 Bar, is well suited for use in equipment of present 

20 technology, but is of limited usefulness as a chromatogra- 
phic solvent due to its nonpolar structure. More polar 
gases, such as ammonia, have higher critical temperatures, 
often in excess of lOQOc, which create special problems 
for injection devices, and thermally labile compounds* Such 

25 temperatures can even cause decomposition and dissolution of 
column packing materials. 

The present invention provides an apparatus for 
chromatographically separating substances characterized by 
means for chromatographically separating substances; and an 

30 inorganic gas compressed to subcritical liquid densities for 
a transport medium in said means. 



separating substances with an inorganic gas compressed to 
35 subcritical liquid densities. 



The present invention . further provides a ' method for 
chromatographically separating substances characterized by 
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To overcome the shortcoming o£ both gas chromatography 
and liquid chromatography and supercritical fluid chromato- 
graphic techniques, liquified inorganic gases (LIB) that 
have been compressed to the liquid state, but maintained at 
5 less than critical temperature are used as chromatographic 
media. These liquified inorganic gases retain many of the 
favorable attributes of supercritical fluids, but none of 
the disadvantages to greatly decrease the burden on the 
design of the hardware. By so compressing these liquified 

lO inorganic gases to subcritical temperatures the range of 
application of the supercritical fluid chromatographic tech- 
nique can be extended to include thermaUy labile compounds 
and compounds which have been diluted in low boiling point 
liquid solvents (including water), with little or no loss of 

15 chromatographic efficiency. Direct advantages of this tech- 
nique over supercritical fluid chromatography are as 
follows: 

1. Permits a broader exploitation of the unique 
physical and chemical properties of liquified and dense 

20 gases. 

2. Enables operation with gases which are of chromato- 
graphic interest but would be difficult to use due to high 
critical pressures and temperatures. 

3. Expands the range of application of supercritical 
25 fluid chromatography by permitting low temperature opera- 
tion. 

4* Permits the use of low boiling point solvents for 
sample work up and dilution. 

5. Reduces the number of instrumental temperature 
30 zones (injector, transfer lines, detector) from those re- 
quired in a supercritical fluid chromatographic apparatus. 

There now follows a detailed description which is to be 
read with reference to the accompanying diagrams of method 
and apparatus according to the invention selected to ilLus- 
35 trate the invention by way of example and not by way of 
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limitation. 

In the Figures:- 

Pigure 1 is a phase diagram of C02# broken lines 
indicating isotherm crossing under isobaric (171 bar) and 
5 constant density (0.70, 0.80^ 0.90 g/cm) conditions; 

Figure 2 shows the viscosity of CO2 as a function 
of temperature and pressure, broken lines indicating con- 
stant density conditions; 

Figure 3 shows the diffusivity of naphthalene in 
ID CO2 as a function of temperature at different densities, 
the broken line with squares indicating isobaric conditions, 
and the open circles (O) being data from the prior art; 

Figure 4 shows Van't Hoff plots of model compounds in 
CO 2 at constant density; 
15 Figure 5 shows Van't Hoff plots of model compounds in 

N2O at constant density; 

Figure 6 shows the separation of PAH's in CO2 at 
sub- and supercritical conditions: elution order, 2-methyl- 
naphthalene, phenanthrene, fluoranthene, pyrene; column, 
20 Speri-5, RP-18; flow rate, 1»20 cmVmin; wavelength, 254 
nmj sample, 2.5 mm^; at 23*80c, inlet pressure 98 
bar, outlet pressure 82 bar; at 40.0«>C, 177 and 163 bar, 
respectively; 

Figure 7 shows the separation of PAH's in N2O at 
25 sub- and supercritical conditions. Elution order and other 
conditions are given in Figure 6: at 23.80C, inlet 
pressure 87 bar, outlet pressure 69 ban at 4D.30C, 163 
and 149 bar, respectively? 

Figure 8A shows the separation of a test mixture in 
30 liquid NH3: elution order, dimethyl phthalate, diethyl 
phthalate, biphenyl, o-terphenyl; column, PRP-1; flow rate, 
2.50 cmVinin; wavelength, 265 nm; sample, 6 mm^, 
temperature, 40.0OC; inlet pressure, 177 bar; outlet 
pressure, 172 bar; and 
35 Figure 8B shows the separation of alkaloids in liquid 
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NH3: elution order, caffeine, theophyline, nicotine; 
temperature, SCO^C; inlet pressure, 180 bar; outlet 
pressure, 174 bar; other conditions, as in Figure 8A« 

Through examples of possible compressed liquid inorgan- 
5 ic gases as transport media, we have studied the chromato- 
graphic usefulness of several inorganic gases (C02r 
N2O, NH3) as mobile phases, which have been 
compressed to liquid densities and maintained at near 
critical temperatures. We find that the logarithms of the 

10 coefficients of binary diffusion, as well as the logarithm 
of relative retention factors, at constant mobile phase den- 
sity, exhibit a smooth linear dependence on reciprocal temp- 
erature when the critical isotherms are crossed, while 
mobile phase viscosity remains constant. 

15 As an example of the invention, CO2 will be dis- 

cussed. Figure 1 shows well known pressure-density iso- 
therms fbi; C02» Fluid extraction using CO2 may b 
performed- ip a .region such that P is between 74 and 400 bar, 
rho is between 0.25 and 1.0 grams per cubic centimeter, and 

20 T is between Tc and 62<^C. In accordance with a pre- 
ferred embodiment of the present invention, this temperature 
range is extended - and CO2 in the liquid state (down to 
-30OC) inay be used to perform liquid chromatography. 
The viscosity of the liquid phase CO2 is kept low and 

25 the diffusivity of the solute in the mobile phase is kept 
high so that effective mass transfer is achieved with th 
stationary phase. Figure 1 also shows the diffusivity of 
naphthalene in CO2 by crossing the isotherms in the 
phase diagram at isodensities of 0.70, 0.80, and 0.90 grams 

30 per cubic centimeter and via an isobar at 171 bar (shown as 
the broken lines in Figure 1). The isotherms were crossed 
at 0.80 grams per cubic centimeter. 

A plot of the dynamic viscosity of CO2 as a 
function of temperature and pressure is shown in Figure 2, 

35 if^ for chromatographic purposes, a temperature and pressure 
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range of lO^C, 400 bar and lOOOc, 75 bar is 
considered, the Figure shows that the dynamic viscosity 
changes from 16 x 10""4 to 2 x IQ-^P, However, in 
following constant density loci, changes in viscosity can be 
5 avoided (13) as shown by the broken lines in Figure 2. 

The viscosities of CO2 and NH3 together with 
those of some commonly used chromatographic solvents are 
shown in Table I for a broad temperature range. 

10 TABLE I 

Viscosities Of CO29 NH3, And Common Liquids 
At Different Temperatures and Pressures. 
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At ambient temperature (20 to 250C) the viscosities of 
the liquified gases are much lower than those of the common 
solvents (at STP) whereas the mixtures of water with 
acetonitrile and methanol (often used in HPLC) show high 
5 viscosity values. Even at low temperature {-30OC) the 
rheologic behavior of the liquified gases wiU be close to 
that of n-hexane at ambient temperature. 

The rate of diffusion of a compound in different fluids 
under varying conditions iP,T,p) is largely responsible for 

lO the exchange of mass between mobile and stationary phase in 
a chromatographic column. High diffusion rates (or diffu- 
sion coefficients) favor good separation characteristics in 
column chromatography. 

To study this effect in C02r the binary diffusion 

15 coefficient of a model compound (naphthalene) was measured 
in a flow -through open tube. According to Taylor-Aris in 
the prior art, the broadening of a concentration profile per 
unit length can be described as 

20 2Dif t^^u^ 



H 



i " u^ 24Dif (1, 

in which Hi is the theoretical plate height of compo- 
nent i, in the fluid (f), is the diffusivity of i in 
25 f, Uq is the linear velocity = L/tRr L being the 
tube length and tR the mean residence time, and ro 
is the tube inner radius. 

For straight tubes a virtually Gaussian concentration 
profile is obtained if 



30 



^eff / "o^ < 



(2) 



in which the effective diffusivity (Deff) be des- 

35 cribed as 

2 2 



»eff - °if * 48Dif (3, 
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For coiled tubes Equation (1) only applies if 
1 

DeSc^ < 10 

(4) 

where the Dean (De) and Schmidt (Sc) numbers are defined as 
follows 

1 p'^o'^tube f ^Jt^h£\ i 

De = Re X ^ « I I d T 

n \"coil 

Sc = n / pDif 



and Re stands for the well-known Reynolds number. 

Under the conditions of Equation (4) the first term in 
Equation (1) can be neglected and the binary diffusion 
15 coefficient calculated from 



'if 



»^o^"o 
24Bj 

(5) 



20 The tube radius, Zqi was calculated from 



1 



) 



25 



(6) 

in which F « volume flow rate through the tube. Plate 
height. Hi, was calculated according to 

^i " ^ (°ti / 0^ 
30 ^ V ^/ (7) 

in which is the half width of the peak ' at 0.607 of 

its height in time units as observed on the recorder plot. 
Effects of external band broadening on plate height due to 
35 .in^ection-and instrument dead volume were neglected. 
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The reliability of the experimental equipment was 
investigated by comparing the observed binary diffusion 
coefficients with data obtained from the literature. The 
results and the quality of agreement are shown in Table II. 
5 The solid samples, such as naphthalene and caffeine, 

had to be dissolved in a suitable solvent prior to injec- 
tion. Possible solvent effects on experimentally obtained 
diffusivities appeared to be negligible (within experimental 
error) for benzene and are shown in Table III. Therefore, 
10 it was assumed that solvent effects are negligible for 
naphthalene and caffeine as well (see also Table II). 



15 



20 



TABLE III 

Investigation of Solvent Effects on the 
Diffusivity of Benzene in CO2 



solvent 


concern 




Pybar 


lO^D, <a) 

dBT/S 


none 




40.1 


160.3 


.12.6 


CH2CI2 


80 


40.1 


160.3 


12.5 


C6H14 


80 


40.1 


160.3 


12.2 


CB3OH 


80 


40.1 


160.3 


12.4 



25 



(a) As in Table II 

Experimental diffusivities of naphthalene (dissolved in 
n-hexane to a concentration of 80 yg/min^) are shown in 
Table IV. 



30 



35 
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TABLE IV 

Experimental Diff usivities of Napthalene in CO 
at Different Densities 
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47.0 


142.0 
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(b)As in Table II 

A plot of In D vs. 1/T is depicted in Figure 3 at a density 
25 of 0.60 g/cm^. AH data show a smooth linear dependence 
of In D vs. 1/T with no anomalies in passing through the 
critical temperature of CO2 at the densities 0*80 and 
0,90 g/cm3* 

At a density of 0.70 g/cm^ no reliable data below 
^ the critical temperature could be obtained due to possible 
phase separation (gas-liguid), as can be seen from Figure 1* 
In addition. Table IV shows that the asymmetry factor 934^ 
S^O, of the .recorded concentration profiles at a density 
of 0.70 exceeds 1.40, which probably affects the' absolute 
35 accuracy of the data at this density* Profiles with asym- 
metry factors in excess of 1.30 should therefore be reject*- 
ed« Moreover, we were not able to reproduce F ist*s data at 
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13 

a density of 0.60 due to severe tailing (Sl0>i,80) which 
suggests adsorption of naphthalene on the Teflon inner wall 
of the tube. Feist and Schneider however used plain stain 
less steel tubing and reported severe tailing of caffeine at 
5 densities below 0.70. The presence of tailing was confirmed 
also by our experiments with stainless steel at a higher 
density (0.80) but appeared nonexistent with the Teflon 
inner tube. 

In passing the critical temperature over an isobar 

ID ("171 bar, see Table IV and broken lines in Figures 1 
and 3) the consistency in behavior of the previous data was 
confirmed. This isobaric approach appears well suited to 
estimate diffusivities at lower temperatures via simple 
extrapolation. The diffusivity of naphthalene in CO2 at 

15 -30OC (171 bar? a= 1.07), obtained in this way, appears 
to be -4.4 X 10-5cin2/s. This is comparable to the 
calculated diffusivity of naphthalene in n-hexane at 
250c. (-3.5 X 10-5cm2/s) and, together with 
the before mentioned favorable rheologic behavior of CO2 

20 at low temperatures, suggests that a powerful method for 
analysis of extremely thermolabile compounds could emerge. 

In a dense gas the retention behavior of a particular 
compound is commonly described by its relative retention or 
capacity factor, k', which is a strong function of pressure, 

25 density, and temperature as observed and described by many 
authors. The effect of temperature on retention in super- 
critical CO2 at constant density has been reported by 
van Wasen in the prior art. To investigate whether reten- 
tion behavior changes drastically in going from the dense 

30 gas to liquid state, the van't Hoff plots (In k» vs. l/T) 
were investigated for CO2 and N2O with a" number of 
model compounds at a density of 0.80 g/cm^ on a PRP-1 
column. 

Lacking a suitable density equation for N20, the law 
35 of corresponding states (equal reduced parameters) was used 
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to calculate the experimental pressures and temperatures of 
this fluid from its respective critical values (see Table 
V). 

TABLE V 

Critical Parameters of Different Fluids 

fluid Tc#^ Pc#bar ^Cw9/cm3 

C02 31.06 73.825 0.464 

N20 36.41 72.45 0.452 

HN3 132.4 114.80 0.235 

15 The resulting plots are displayed in Figure 4 (CO2} and 
Figure 5 (N2O) and reveal that none of the eluted 
compounds in either fluid shows an anomalous behavior. 
Moreover, the average enthalpy of eluite interaction with 
the stationary phase (evaluated from the slope H/R) is 

20 approximately -6 kcal/mol which is very close to those 
values reported in re versed-phase liquid chromatography in 
the prior art. 

Figures 4 and 5 also show interesting selectivity 
differences on the PRP-1 column with the investigated 
25 fluids. . Caffeine did not elute in CO2 and the other model 
compounds, also, were more strongly retained when CO2 was 
used as the mobile phase. The model compounds were observed 
to be less strongly retained on a hydrocarbonaceous bonded 
phase column. For this reason chromatograms of a mixture of 
30 PAH*s separated on a RP-18 column in both fluids at sub- and 
supercritical conditions are shown in Figures 6 and 7. 

The promising combination of liquid NH3 -and a PRP-1 
column is shown in Figure 8. The easy and fast separation 
(Figure 8B) of compounds with polar functional groups such 
35 as caffeine, theophylline, and nicotine merits special 
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attention. 

In practically useful separations, however, the 
capacity factor (k*) of the first peaks in Figures 7 and 8 
has to be increased in order to allow separation from 

5 possible interferences. The unusually rapid increase in 
peak width, as shown in Figure 8A, may arise from relatively 
slow mass transfer in this stationary phase. 

The physical aspects of chromatographic separation in 
accordance with the invention for several solute, mobile*- 

10 phase, and stationary-phase combinations in the near 
critical region have been discussed. It is observed that 
the logarithms of the coefficient of binary diffusion and 
relative retention factor, at constant density, exhibit 
smooth linear dependence on reciprocal temperature as the 

15 critical isotherm is crossed, while mobile phase viscosity 
remains constant. Examples of chromatographic separations 
of model compounds at sub- and supercritical temperatures 
are demonstrated for CO2, N2O, and for subcritical 
t9H3« These investigations indicate that the useful 

20 range of applications for supercritical fluids can be 
extended to include thermally labile compounds and to fluids 
which have inherently high critical temperatures. 
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CLAIMS 

1. an apparatus for chroma to graphically separating 
substances characterized by: 

means for chromatographically separating substances; 

and 

an inorganic gas compressed to subcritical liquid 
densities for a transport medium in said means* 

2, A method for chromatographically separating 
substances characterized by: 

separating substances with an inorganic gas compressed 
to subcritical liquid densities. 
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